Introduction
Most satellite remote-sensing images are obtained using pushbroom or whiskbroom scans by the coupling of line scans in one dimension and satellite movements in another dimension. Since satellite imagery should be consistent with maps when used as geospatial data, good geometric performance is a challenge for satellite data processing (Lee et al., 2004; Storey et al., 2004) . Accurate attitude estimation is essential for this purpose because satellites suffer from mechanical vibration, originating from solar paddles, wheels and high-gain antennas, during line scans. In most satellites, attitude is estimated by interpolating measurement data obtained from star sensors and gyros, which are sampled at low frequency. When the sampling rate of attitude information is low compared with the frequency of attitude, images processed by geometric correction suffer from distortion. Therefore, additional information is necessary to estimate attitude accurately. One solution is to estimate the correct attitude of spacecraft using ground control points (GCPs), which requires the preparation of GCPs in the target scene and depends on their accuracy (Shin et al., 1997) . Landsat adopts angular displacement sensor (ADS) to detect and compensate high-frequency jitter (Barker & Seiferth, 1996) . Another possible solution is to add an image sensor on the focal plane, which tracks the displacement of ground targets (Janschek et al., 2005) . A sensor system with parallax observation enables the detection of the effect of pointing fluctuation, which can be rapidly measured by attitude sensors, such as star sensors and gyros, without additional high-performance sensors. A software methodology based on image processing and optimization techniques to accurately estimate the attitude information of spacecraft under operation is important for obtaining geometrically accurate images (Iwasaki & Fujisada, 2003; Bayard, 2004; Liu & Morgan, 2006; Teshima & Iwasaki, 2008) . When optical sensors on satellites suffer from pointing fluctuation, images obtained at two different times cannot be co-registered by a parallel shift. Figure 1 shows the displacement between two remote-sensing images before and after the large earthquake in Pakistan on October 8, 2005, with a magnitude of 7.6 clarified by normalized cross-correlation and the difference in digital elevation models (DEMs). Wavy patterns are observed in Figs. 1(b), (c) and (d), which correspond to horizontal displacements in the crossand along-track directions and vertical displacement, respectively. Owing to this artifact, the fault running from upper left to lower right is difficult to trace. Assuming that the displacement occurred only around the fault zone, the wavy patterns are destriped in Figs. 1 (e), (f) and (g), which correspond to horizontal displacements in the cross and along track directions and vertical displacement, respectively. The displacement www.intechopen.com around the fault zone that runs from upper left to lower right is clearly observed, which was caused by the earthquake (Avouac et al., 2006) . The upper-right portion moved toward the lower-left direction relative to the lower-left portion. Using the subpixel measurement technique, although the ground sampling distance (GSD) is 15 m, it was found that the fault offset was 4 m on average and 7 m at maximum. The analysis of ground deformation can be achieved as soon as a post-earthquake image is obtained. Note that since the fault runs in a diagonal direction, the displacement is recovered (Koga & Iwasaki, 2008 , 2011 . Furthermore, this type of analysis is also useful for investigating glacier flow, debris flow and sand dune migration. However, what should be done when the fault runs in the crosstrack direction, that is, the same direction as the attitude jitter? This article introduces a methodology for detecting the sign of pointing jitter using the geometric consistency of line of sight (LOS) vectors. Although our investigation starts from the analysis of large platform satellites, small satellites that do not have good pointing stability are a target of our research, for which satellite mission instruments can help bus instruments to achieve a better geometric performance. The Landsat 7 Science Data Users Handbook states that geometrically corrected products should have multispectral bands registered to 0.17 pixels (1 sigma for 30 m GSD) and that geometrically corrected images from multiple dates should be capable of being registered to an accuracy of 7.3 m (1 sigma) to meet the requirements of Landsat 7 (NASA Goddard Space Flight Center, 1998). Our methodology using a sensor system with parallax observation makes it possible to satisfy these two criteria simultaneously. Figure 2 shows the concept of the sensor with parallax observation, which observes the specified ground target from slightly different angles, which means that time differences www.intechopen.com exist between the observation time of each line scan. Although the parallax effect due to the terrain error in the along-track direction must be considered, many optical sensor systems on-board satellites adopt this configuration, such as QuickBird, FORMOSAT-2 and so forth (Jacobsen, 2006; Liu, 2006) . Since the line sensors are arranged on the focal plane, simple optical systems using band-pass filters are realized without a prism spectrometer, which are suitable for compact optics of recent high-resolution satellite sensors. Owing to the time difference in the observation time of the specified ground target, band-toband registration is affected by satellite attitude. In this chapter, using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) as an example, we discuss the detection and estimation of the attitude fluctuation of satellites utilizing the disadvantage of the sensor configuration to obtain satellite-based images with improved geometric performance.
Sensor configuration

Layout of sensor with parallax observation
ASTER sensor
The ASTER sensor is a multispectral imager on-board the Terra (EOS-AM1) spacecraft, which was launched in December 1999 (Neeck et al., 1994; Kudva & Throckmorton, 1996) . The Terra spacecraft is in a sun-synchronous orbit at an altitude of 705 km with a local equatorial crossing time of 10:30. The repeat cycle is 16 days and the distance between neighboring orbits is 172 km, i.e., a similar orbit to Landsat 7 except for the local equatorial crossing time. The ASTER sensor is composed of three subsystems: visible and near infrared (VNIR), shortwave infrared (SWIR) and thermal infrared (TIR) radiometers. Table 1 shows the spectral passband of each subsystem. The VNIR subsystem has two telescopes, one at the nadir and the other with backward viewing, to construct a DEM. The VNIR subsystem is free from parallax error because a dichroic filter divides incident light into each VNIR band. Since the ASTER sensor is a complex system consisting of three subsystems with four telescopes, a Level-1 data processing system based on the configuration of the ASTER sensor has been constructed and validated (Fujisada, 1998; Iwasaki & Fujisada, 2005) . The SWIR radiometer is a sensor with six narrow bands in the shortwave infrared region (1.6-2.43 μm) for discriminating rock and minerals using the specific absorption signatures. The SWIR images are obtained by means of a pushbroom system consisting of 2048 PtSi-CCD linear-array detectors with a pixel size of 16.5 μm that operate at liquid nitrogen temperature, which must be cooled mechanically. Therefore, the array detectors are arranged in parallel on the focal plane, as shown in Fig. 3(a) . Since the distance between neighboring bands is 1.33 mm, each line scans the same ground target with a time difference of about 356.238 ms (nominal) from the nominal altitude, as shown in Fig. 3 The Terra spacecraft provides attitude data with a resolution of 1 arcsecond and attitude rate data with a resolution of 0.5 arcseconds/s every 1.024 s, which is the major clock on which spacecraft information is based. Images are corrected geometrically using attitude and navigation data, which are interpolated using third-order polynomials. Therefore, we cannot accommodate the attitude data with high accuracy when fluctuation occurs at a higher frequency. The angular error of 1 arcsecond corresponds to about 3.4 m on the ground for the Terra spacecraft. Since the GSD of the SWIR radiometer is 30 m, the angular error of 1 arcsecond leads to a registration error between bands of 0.1 pixels or less. The sampling interval of each line of the SWIR sensor is 4.398 ms to obtain the GSD of 30 m, and the time resolution is considerably higher than that of the spacecraft attitude data. Using the registration error between bands of the SWIR images, attitude information can be corrected with a higher sampling rate of up to 220 Hz.
Detection and correction of satellite attitude jitter
Formulation of jitter detection by sensor with parallax observation
To reduce the registration error between bands and the internal distortion in images, the true attitude information should be estimated from the relative registration error obtained from the analysis of two images obtained with a time difference. Figure 4 shows the sequence of the image acquisition process with a time lag. Using the deviation from the correct attitude of the master data f(t) at time t, the relative registration error g(t) of the slave data with the deviation from the correct attitude with time lag τ, f(t+τ), is expressed as follows.
The relative registration error is obtained from the analysis of one scene in the range 0≤t≤t e s. When the deviation from the correct attitude during the observation time lag, that is, f(t; 0≤t≤τ), is estimated, the satellite attitude data are obtained from the relative registration error using Eq. (1). However, since there are many f(t) that satisfy the above relationship, another constraint should be introduced. Since the attitude is interpolated using third-order polynomials in Level-1 data processing, we can assume that the deviation from the correct attitude is also smooth. On the basis of this idea, the deviation from the correct attitude during the observation time lag should be obtained that minimizes the following evaluation function. www.intechopen.com
Here, Δt denotes the line sampling time of a line sensor. The first term on the right side corresponds to Eq. (1) and the second term is related to the smoothness using a regularization coefficient α. The Fourier transform of Eq.
(1) leads to the following equation.
( )
The denominator on the right side becomes zero when ωτ is an integer, which corresponds to the situation that the frequency is an integer multiple of the reciprocal of the time lag. This means that the satellite attitude jitter with this frequency cannot be identified because the clockwise motion of a line sensor and the anticlockwise motion of another line sensor cannot be distinguished.
Similarity measures to obtain displacement
Two similarity measures are used for the block matching of two images in this work. Zeromean normalized cross-correlation (NCC) is widely used as the criterion of the registration error between images (Iwasaki & Fujisada, 2003 Liu, 2006) . The covariance C(m, n) obtained using Eq. (4) has a maximum value when two images match each other. 
Here, M(i, j) and S(i, j), respectively, denote the pixel values of the master and slave images for the pixel coordinates (i, j). Lx and Ly denote the sizes of the correlation window in the cross-track and along-track directions, respectively. M and S denote the average pixel values within the correlation window in the master and slave images, respectively. The registration error is obtained by the following steps. The integer set with the maximum value of correlation is first selected as the candidate for displacement between two images. Next, the point with the highest correlation is obtained at a subpixel level by parabola fitting to the neighboring correlation values and determining the vertex value. Phase correlation (PC) is also used as a similarity measure (Hoge, 2003; Leprince et al., 2007; Morgan et al., 2010) . Consider two N 1 X N 2 images s(n 1 , n 2 ) and s'(n 1 , n 2 )= s(n 1 -δ 1 , n 2 -δ 2 ) that differ by the displacement (δ 1 , δ 2 ). The cross-phase spectrum is expressed by Eq. (1) using the shift theorem. 
The phase correlation function r(n 1 , n 2 ) is defined as the inverse discrete Fourier transform of R(ω 1 , ω 2 ). The peak position of the phase correlation function corresponds to the misregistration between two images. To reduce the image boundary effect in the frequency domain, a twodimensional Hanning window is applied to the input image. A low-pass filter is also applied in the frequency domain to eliminate the high-frequency components of each image. The subpixel displacement between the images is obtained by sinc function fitting to the neighboring correlation values (Nagashima et al., 2006) . Although the size of the correlation window must be larger than that of NCC, the peak of PC is much steeper than that of NCC, and thus the accuracy of PC surpasses that of NCC and reaches 1/50 pixels (Leprince et al., 2007) . Therefore, we use NCC to obtain a flexible-size correlation window and PC for accurate displacement measurement in this chapter. Figure 5 (a) shows the nadir-looking SWIR image of the Level-1B data products analyzed in this study, which was acquired on June 07, 2002, above Tokyo. Level-1B data products are map-projected images, which are projected using radiometric calibration and geometric correction coefficients for resampling that are oriented to the satellite path but not orthorectified. Thus, the line of Level-1B data products in the horizontal direction is almost equal to the scan line. The acquisition duration of one scene is about 9 s, which corresponds to 2100 lines of data. We used band 5 and band 6 images because they are placed at neighboring positions on the focal plane and because their spectral characteristics are sufficiently similar to be suitable for correlation. Furthermore, band 6 represents the SWIR subsystem and the geometric calibration relative to VNIR is performed intensively. 5(b) shows the registration error map of band 5 relative to band 6 in the cross-track direction. The relative registration error is plotted on the center pixel of the correlation window, the size of which is set to 7 (cross-track) by 7 (along-track), which is used only to evaluate the registration error in this scene. A bright pixel denotes that the band 5 pixel deviates to the right in the image. A black pixel denotes a point at which good correlation is not obtained, such as a pixel representing water. It can be seen that a periodic displacement pattern occurs in the error map. The relative registration error between bands is due to the time dependence of jitter on the line of sight, which is attributable to attitude variation. This means that an absolute registration error of the acquired image relative to the actual geographical position exists. The frequency and amplitude of the jitter are about 1.5 Hz and 0.2-0.3 pixels, which corresponds to 6-9 m on the ground, respectively. This jitter corresponds to the roll fluctuation of the Terra spacecraft. Since the attitude sensors of the Terra spacecraft cannot follow the vibration at this frequency, the relative deviation between bands still remains.
Using map-projected data product
Comparisons with the images obtained by ASTER on a different day (Fig. 5(c) ) and by Landsat 7/ETM+ ( Fig.5 (d) ), which are free from pointing jitter, show a similar performance for each image. Since the master images are not disturbed by the pointing fluctuation, the jitter corresponds to the absolute pointing fluctuation of the slave image. Note that the Landsat 7/ETM+ image (2.08 μm -2.35 μm) on 06/07/2002 is affected by some jitters, which might be related to a malfunction in the scanning mirror (Lee et al., 2004) . The time course of the relative deviation between bands in the cross-track direction is calculated for jitter analysis using a window size of 501 (cross-track) by 1 (along-track), and is averaged in the cross-track direction of a path-oriented image, which is an effective and robust method fro detecting the jitter with high time resolution. Areas of water are eliminated owing to their low standard deviation of digital numbers in the window. The relative registration error is averaged in the cross-track direction with a 3σlimits. The solution of Eq. (2) is obtained by the following method. Considering that the relative registration is obtained with high accuracy, the first term on the right side in Eq. (2) is set to zero and the optimum solution that minimizes the second term is obtained, which expresses the smoothness of the deviation from the true amplitude.
When the smoothest solution f(t; -τ≤t≤0) that minimizes the evaluation function is obtained, f(t; 0≤t≤9) is calculated using Eq. (2). We used the downhill simplex method to find the f(t; -τ≤t≤0) that minimizes the evaluation function.
The relative registration error has not only an alternating current (AC) component but also a direct current (DC) component, which means that the moving average of the relative registration error in the cross-track direction is not zero but has an offset of about 0.008 pixels. This offset originates from the relative error in the LOS vector between bands. Thus, we should subtract the offset from the relative registration error. Otherwise, monotonically increasing behavior is observed. Since τ varies with changes in the spacecraft altitude, a representative value of a scene is determined so as to minimize the relative registration error between the corrected images. The estimated pointing fluctuation that minimizes the evaluation function J is obtained, provided that the time lag τ is 80.9 lines, which is close to the nominal value of 81 lines. The deviation from the correct attitude f(t) is estimated simultaneously using the relative www.intechopen.com registration error of band 5 relative to band 6. Images are rearranged by bilinear interpolation in the cross-track direction on the basis of the corrected attitude data. Figure  5 (e) shows the registration error map of band 5 relative to band 6 in the cross-track direction after correction. The primary periodic deviation observed in Fig. 5(b) disappears. The RMS value and the amplitude of the relative registration error between uncorrected images are 0.130 and 0.292 pixels, whereas those between corrected images are 0.024 and 0.074 pixels, respectively. As a result, the average registration error between bands is reduced to less than 0.1 pixels, which is a good band-to-band registration performance and will be effective for discriminating type of rock and minerals using SWIR data.
Since band-to-band registration is improved by correcting attitude data consistently, absolute distortion can be also compensated. The relative registration error is average in the correlation window. Furthermore, the peak value of the averaged relative registration error decreases owing to the undulation of the LOS vector and the parallax correction in Level-1B data processing. Thus, the relative registration error is underestimated and jitter cannot be fully corrected.
Using sensor based data product
Although the attitude jitter correction method using the Level-1B data products works well, the pointing angle from the nadir is limited. An influence of the elevation of the earth's surface exists because the earth's rotation causes a parallax in the cross-track direction. Furthermore, the time lag between band observations should be estimated. Therefore, these problems are considered using the sensor-based data products, Level-1A, which are the original raw images associated with the radiometric calibration and geometric correction coefficients used for resampling. Thus, the line of Level-1A data products in the horizontal direction is equal to the scan line. To obtain tie points between bands 5 and 6 of ASTER by the parallax observation, we developed software to generate DEMs similar to that in previous studies Koga & Iwasaki, 2010) . First, bands 5 and 6 of Level-1A images with a radiometric correction are input, which include supplementary data and ancillary data. Second, the corresponding points between two images are detected and a disparity value is calculated using a subpixel image-matching technique. This procedure is repeated over several multiscale steps with a coarse-to-fine approach, which enables us to reduce the computational cost. In addition, we select the operation parameters in each step, such as those in the interpolation method, matching method or filtering model. Since the parallax is sufficiently small, a phase correlation that obtains the disparity accurately is available. The warping of band 5 images obtained by image matching is effective for avoiding a pixel-locking effect in the next matching process because the disparity is distributed around zero pixels. Third, the three-dimensional position of each pixel is calculated by bundle adjustment using the LOS vector. The ASTER LOS vector is the vector between the satellite position and ground pixel's position on the World Geodetic System 1984 (WGS84) ellipsoid obtained by interpolating the geometric correction table. Note that the ground pixel position is corrected using the parallax correction of Level-1 data processing that removes the terrain effect using image matching or coarse DEM data (Iwasaki & Fujisada, 2005) , which is restored using the parallax offset in Level-1A data products. For band 6, the LOS vector 6 e multiplied by p extends from the satellite position 6
s to the point 6 x , which is expressed by Eq. (8). 
Owing to the error in the LOS vectors and satellite attitude jitter, the two vectors are skew vectors and do not intersect. Minimization of the distance between 6
x and 5 x using the leastsquares method leads to the pierce point, giving by the parameters expressed in Eq. (10). 5  65  56  5  2  65   55  6  65  65  6  2  65 ,, , 
The bundle error is the minimum distance between two LOS vectors. Since the sensors scan the same target by bands 5 and 6 line detectors with a time interval, the bundle error between the two views includes the jitter of both scans. Since most of the fluctuation in the bundle error is related to the jitter in the roll component, the rotation angle of the LOS vectors that minimizes the bundle error is obtained. The orbital coordinate system is centered on the satellite and the orientation is determined relative to the spacecraft position. The yaw axis is parallel to the vector between the satellite and the earth's center, the pitch axis is normal to the flight vector and the yaw axis, and the roll axis is normal to the yaw and pitch axes. The bundle error of any pixel in a Level-1A image is decomposed in the cross-track direction and converted to the attitude error around the roll axis. The measured surface position is obtained in Cartesian coordinates and is converted to the earth-centered reference (ECR), and elevation is obtained as the height on the WGS84 ellipsoid. Finally, the image and the elevation data are projected onto an orthorectified image with path-oriented Universal Transverse Mercator (UTM) coordinates. The time difference between the two bands is not equal to the nominal time lag but differs depending on the elevation, the off-nadir angle and the pointing angle. Considering that the variation due to the elevation is about one line and the deviation from the correct attitude f(t) is sufficiently smooth, this effect is small. Furthermore, since we can iteratively revise the deviation from the correct attitude using the newly obtained f(t), this problem is not discussed further. Note that the correct time lag is directly obtained when the tie points of two LOS vectors are calculated.
(a) (b) (c) (d) The former suffers from attitude jitter, whereas the latter is almost free from vibration. The method in the previous section is next improved to make it robust and simple. First, an appropriate value of f(t; 0≤t≤τ) is input and f(t; τ≤t≤ t e +τ) is obtained from Eq. (1). Since f(t) at this stage has many discontinuities, it is filtered using median and average filters. Next, f(t; 0≤t≤τ) is obtained using Eq.
(1) and the average of f(t) is set to zero. Using the newly obtained f(t; 0≤t≤τ), these steps are repeated several times to obtain a continuous curve that approximates Eq.(1). We obtained improved bandto-band registration compared with the former case, as shown in Fig. 6 (c), which shows that most of the jitter is corrected. However, since the DEM that is obtained from the tie points of the two LOS vectors fluctuates owing to the pitch jitter, as shown in Fig. 6(d) , the orthorectified products are also affected. Therefore, the correction of the pitch component is also considered at the same time, which is discussed in the next section. Another problem is the smoothing of the response curve because a square correlation window with a relatively large size is required in image matching by PC. Averaging of the measurements and exclusion of the false correlation over areas of water are also necessary in the procedure.
Detection of pitch component
Although correction of the roll component fluctuation is achieved, another task remains, detection of the pitch component. The importance of pitch control is recognized in alongtrack stereo vision, such as that in ASTER, SPOT-5 and ALOS/PRISM (Takaku & Tadono, 2009) . Since the parallax in the along-track direction is added to the band-to-band displacement, the problem is more complicated than the detection of the roll component. www.intechopen.com It is interesting that the DEM is obtained using a small-parallax configuration, which is mentioned as the small baseline stereo vision because the patterns in the two stereo images are similar (Morgan et al., 2010) . Furthermore, occlusion due to steep mountains and clouds, which is critical in stereo vision, is mitigated. The base-to-height (B/H) ratio of ASTER/SWIR is (81 lines X 30 m)/705 km ≈ 0.0034, which is much smaller than that of the VNIR stereo system of 0.6 . Therefore, image matching using PC with high accuracy is essential for this purpose. Since the pointing jitter is critical in the stereo system, we must remove the elevation effect to detect the pointing fluctuation. The introduction of a three-line sensor configuration solves this problem, as shown in Fig. 8 . With such a configuration, more accurate DEM without pointing jitter is obtained. The displacement of band 7 relative to band 8, g'(t), is written as follows in terms of the effect of the elevation, disparity(h), (Okuda & Iwasaki, 2010) and the change in data acquisition time due to the elevation, Δτ, as shown in Fig. 8 (Schowengerdt, 2007) . The contribution of Δτ is sufficiently small to be neglected, as was assumed in the analysis in the previous section.
The displacement of band 9 relative to band 8, g''(t), is written as follows.
By adding Eqs. (11) and (12), we can obtain an equation free from disparity(h). (13) is written as follows using the shift theorem.
The attitude is estimated in a similar way to the estimation of the roll component. The frequency of the pitch component jitter is the same as that of the roll component jitter. After canceling the pitch jitter, we can extract the correct elevation.
Conclusion and future works
To realize the good geometric performance of images obtained by earth observation sensors, accurate estimation of the spacecraft position and attitude is required. As the spatial resolution of remote-sensing missions is increased, the requirement of attitude stability will become increasingly severe, reaching to as small as 0.1 arcseconds with a frequency of more than 10 Hz. Furthermore, to meet users' data requirements, a high agility enabling multipoint observations, which cause frequent changes in satellite attitude, is needed. At the same time, the spatial resolution of small satellites is also increasing, however, their pointing stability is much lower owing to dynamic disturbances, such as solar pressure, atmospheric drag and magnetic torque (Wertz & Larson, 1999) . In this chapter, the detection and estimation of satellite jitter using remote-sensing imagery is described. Instead of requiring the very high pointing stability, mission instruments can help the satellite bus to deliver information on the pointing jitter. Consistent geometric restoration using the tie points of LOS vectors of sensors is the key to innovation. As an example, an image correction methodology using sensors arranged in parallel on the focal plane, which is necessary to fabricate a compact optical system, is proposed. An observation time lag arises between bands owing to this configuration. The relative deviation between several line sensors during the observation time lag is calculated from the image correlation. The deviation from the correct spacecraft attitude is estimated using the band-to-band displacement. The attitude data are improved using the estimated deviation from the correct spacecraft attitude. Then, the image is corrected using the revised satellite attitude information. This method improves not only the registration accuracy but also the absolute satellite attitude. As a result, the internal distortion in the scene is reduced. At present, this technique is applicable to observation sensors with a similar parallel configuration on the focal plane, such as EO-1/ALI, QuickBird and FORMOSAT-2, although their observation bands exist in the visible wavelength. To increase the validity of the present work, the following issues must be resolved: the accuracy of tie point analysis, the similarity measures between multi-modal images and the robustness of correction methods. Implementation into time delay integration (TDI) sensors is also important. The present method has been applied to investigate the pointing stability of the Terra spacecraft, which has five scientific instruments. Although these instruments have a large rotating mirror and mechanical coolers, analysis over ten years with sub-arcsecond accuracy has proved that the characteristic frequency of these instruments are not the source of the dynamic disturbance. What, then, is the source of the dynamic disturbance? It is difficult to discuss this for the case of the satellites in orbit. The Terra weekly report stated on January 6, 2000, "The first of several planned attitude sensor calibration slews was successfully performed. Initial data indicates that the spacecraft jitter induced by the high-gain antenna is significantly reduced by the feedforward capability."
